Abstract: The influence of dietary (n-3) fatty acids (such as eicosapentaenoic and docosahexaenoic acids) as found in fish oil on Na+ sensitivity and ouabain affinity of Na + ,K + -ATPase isoenzymes (a1, a2, a3) was studied in whole brain membranes from weaned and adult rats fed diets for two generations . The long chain (n-3) fatty acids supplied by fish oil decreased the fatty acids of the (n-6) series compared with the standard diet, resulting in a decrease in the (n-6)/(n-3) molar ratio in both 21-and 60-dayold rats . On the basis of ouabain titration, three inhibitory processes with markedly different affinities were associated with isoenzymes, i .e ., low affinity (a1), high affinity (a2), and very high affinity (a3) . It appears that the fish oil diet, in part via the modification of membrane fatty acid composition, altered the proportion and ouabain affinity of isoenzymes . Na+ sensitivity is the best criterion of physiologic change induced by fish oil diet . We calculated the Na' activation for each isoenzyme and found one Na' sensitivity and two Na+ sensitivities per isoenzyme in weanling and adult rats fed different diets, respectively . In contrast to a2 and a3, a1 appears insensitive to membrane change induced by fish oil diet . Fish oil diet, which is known to confer cardioprotection, induced significant modulation of Na+ ,K+-ATPase isoenzymes at the brain level .
The consumption of the two important (n-3) polyunsaturated fatty acids of fish oils, namely, eicosapentaenoic acid [EPA ; ] and docosahexaenoic acid [DHA ; ], is associated with a potentially lower risk of cardiovascular disease by their antithrombotic, antiinflammatory, and antivasorestrictive properties (Leaf and Weber, 1988 ; Weave and Holub, 1988) . Moreover, (n-3) fatty acids are required by the membranes of photoreceptor cells and synapses for (1) photoreceptor membrane biogenesis and synaptogenesis, (2) normal functioning of tissues, and (3) response to injury to the nervous system (ischemia and convulsions) (Simopoulos, 1991) . EPA and DHA 1560 can greatly affect fatty acid composition of the various membrane phospholipids of the nervous system both in weanling (Philbrick et al ., 1987) and in adult rats (Bourre et al ., 1988) . They can also modify the physical properties of cell membranes (Gubdjarnason, 1989 ; Neuringer and Connor, 1989) and alter numerous cellular functions (Brenner, 1984 ; Stubbs and Smith, 1985) .
In mammalian brain, Na +,K +-ATPase is a membrane-bound enzyme that plays a crucial role in controlling the ionic environment essential for neuronal activity (Siegel et al ., 1981 ; Stahl, 1986) . Na +,K+-ATPase consists of an a/ß heterodimer. a is a catalytic subunit and the digitalis receptor (Sweadner, 1989) , whereas the function of the ß subunit, which is necessary for maturation (Geering, 1990) and enzymatic activity, is still unknown. Three a isoforms, al, a2, and a3 (Shull et al ., 1986) , and at least two ß isoforms, ßl and 02 (Martin-Vassallo et al ., 1989) , have been identified in brain. These three a isoenzymes are well demonstrated (Hsu and Guidotti, 1989) and are functional (Berrebi-Bertrand et al ., 1990 ; Blanco et al ., 1990) in whole brain membranes. Their best-characterized difference is their affinity to ouabain (Sweadner, 1989) , a 1 having low affinity, a2 high affinity, and a3 very high affinity (Noël et al ., 1990) . Moreover, they differ in their Na' sensitivity (Gerbi et al ., 1993a,b) .
Numerous experiments have shown the role of lipids in modulating the activity of Na +,K +-ATPase (review by Murphy, 1990 ). Most of the previous studies on the relationship between membrane structure and TABLE 1. Composition ofthe experimental diet
FISH OIL DIET AND FUNCTIONAL ISOENZYMES
Composition of vitamin supplement per kilogram (triturated in dextrose) (U .S . Biochemical, Cleveland, OH, U.S .A .) : a-tocopherol (1,000 IU/mg), 5.0 g; ascorbic acid, 45 .0 g; choline chloride, 75 .0 g; D-calcium pantothenate, 3.0 g; inositol, 5.0 g; menadione, 2.25 g; niacin, 4.5 g; p-aminobenzoic acid, 5.0 g; pyridoxine HCI, 1 .0 g; riboflavin, 1 .0 g; thiamin HCI, 1 .0 g; vitamin A acetate, 900,000 units; calciferol (vitamin D2), 100,000 units; biotin, 20 mg ; folic acid, 90 mg ; vitamin B, 2, 1.35 mg.
'Composition of the mineral mixture/ 100 g: CaHP04 " 2H20, 38 .0 g; K2HP04, 24.0 g; CaC03, 18 .1 g; NaCl, 7.0 g; MgO, 2.0 g; MgS0 4 -7H 20, 9.0 g; FeS04" 7H 20, 0.7 g; ZnS0 4 -H2 0, 0.5 g; MnS0 4 " H2O, 0.5 g; CUS0 4 " 5H 20, 0.1 g; NaF, 0.1 g; A12(SO4)3/ K2S04 -24H20, 0.02 g; KI, 0.008 g; Na2Se03 " H2O, 0.001 g.
isoenzymes were performed using degradative techniques such as phospholipase digestion and stressed the importance of the effects of lipids on Na +,K+-ATPase isoenzyme activity (Tanagushi and Iida, 1973 ; Matsuda and Iwata, 1986) . However, the effects of the lipid environment on the function of different isoenzymes remain to be clarified.
In a previous study, we showed that the increase in the (n-6)/(n-3) molar ratio of polyunsaturated fatty acids (PUFAs) in whole brain membranes in rats fed a sunflower oil diet influences the Na' sensitivity of Na+,K +-ATPase isoenzymes (a2 and a3) and their ouabain affinity (Gerbi et al ., 1993b) . The present study was thus undertaken in whole brain membranes of weaned (21 day old) and adult (60 day old) rats to elucidate the effect of fish oil on a functional characteristic of Na+,K+-ATPase isoenzymes, Na' sensitivity, using the differential inhibitory effect of ouabain. Fatty acid composition of phospholipids of brain membrane and temperature dependency of ATPase activity were studied in parallel to determine the temperature transition of the different brain membrane isolated .
MATERIALS AND METHODS
Two semisynthetic diets were used. They differed mainly by the nature of (n-3) PUFAs (Table I) . One semisynthetic diet prepared in our laboratory consisted of (1) a sunflower oil diet, deficient in a-linolenic acid [C18 :3(n-3)], supplemented with cod liver oil (CLO) rich in long chain PUFA (DHA and EPA), containing 1 .3 g/100 g of sunflower and 0.7 g/100 g of CLO, giving an (n-6)/(n-3) ratio of -6 .2 (Table 2) ; (2) a standard diet (Extra-Labo, Ets. Pietremont, France) containing 5 g/100 g of a mixture of oils (a-linolenic and linoleic acid [C 18 :2(n-6)], 1 .1 mg/g of diet and 15 mg/g of diet, respectively) with an (n-6)/(n-3) ratio of -14 (Table 2 ) . The diets were stored in the dark at 4°C and tested regularly for lipid peroxidation (Gerbi et al ., 1993b) .
Twenty-one-day-old Wistar rats weighing 40-45 g (IFFA CREDO, France) were fed with the semisynthetic standard diet until adulthood. Two weeks before mating, female rats were randomly divided into two groups . One group was left on the same diet, the other was given sunflower oil supplemented with CLO. The females were then mated at 10 weeks of age with male rats receiving the standard diet . Female rats were maintained on their corresponding diet throughout pregnancy and during suckling . The litters (nine pups) weaned at 21 days received the same diet as the mothers for another generation and females were again mated at 10 weeks of age. Their second generation 21-dayold male offspring (38-42 g) and 60-day-old male offspring were used for this study.
Whole brain membranes were obtained from these rats killed by decapitation without anesthesia . The brain membrane fraction was prepared using the method of Sweadner et al . (1979) as modified by Berrebi-Bertrand et al . (1990) . In brief, whole brain was homogenized with four or five 2.6 -C18:1(n-9) 18 .9 28 .9 C18:1(n-7) 2.1 2.7 C20:1(n-9) 3.7 0.4 C22 :1(n-11) (Sweadner, 1979) ] was resuspended in the same buffer as above and stored at -80°C until analysis. Protein concentrations were determined by the method of Lowry et al. (1951) . Thawed membrane suspensions were extracted according to the method of Folch et al. (1957) . The fatty acid composition of total phospholipids of the brain membrane fraction was determined after hydrolysis and methylation (Morrison and Smith, 1964) . The fatty acid methyl esters (internal standard, C 17:0) were analyzed with a Carlo Erba model gas liquid chromatograph equipped with automatic injector "on column," a flame ionization detector, and a C.P WAX 52 C.B. (Carbowax 20M) bonding fused silica capillary column (50 m X 0.3 mm internal diameter) . The assays were performed with programmed oven temperature increases of 3°C/min from 54°C to 220°C. The pressure of HZ carrier gas was 0.8 bar. Peak areas were measured with an integrator on-line with a microcomputer giving automatic expression ofdata.
Na+,K+-ATPase was determined using the coupled assay method as previously described (Lelièvre et al., 1986) . The activity was measured in an ATP-regenerating medium by continuously recording NADH (reduced form of nicotinamide adenine dinucleotide) oxidation using a Uvikon 930 spectrophotometer . Enzyme activities were measured at 37°C as a function of the amount of membrane proteins (from 1 to 3 Ng). Each cell contained (final volume, 0.6 ml) 2 mM phosphoenolpyruvate, 10 mM KCI, 100 mM NaCl, 4 mM ATP-Mgz+, 30 mM imidazole-HCI (pH 7.2), 0.4 mM NADH, 3 .5 units of pyruvate kinase, and 5 units of lactate dehydrogenase . The Mgt+-ATPase activity was determined in the presence of 3 X 10-°M digitoxigenin . The specific activity of the Na+,K+-ATPase, expressed as micromoles of Pi liberated per hour and per milligram of protein, was 20.5 ± 0.3 and 27 ± 0.7 units in both diets (for 21-and 60-dayold animals, respectively) . To avoid altering the membrane protein environment (Foussard-Gilbert et al., 1982) , the enzymatic assay was performed with native membrane without detergent treatment .
To determine the temperature dependency of ATPase activity in the different membrane environments, cells were put in a cell holder for -10 min for equilibration at the required temperature (14-37°C). ATPase activities were then measured at various temperatures as described above and Arrhenius plots [log maximum velocity against 1/(absolute temperature)] were constructed from the experiments .
The proportion of each isoenzyme as a function of ouabain affinity was obtained from dose-response curves. The best fit ofthe curves was analyzed as the sum oftwo or three saturable and independent sites by nonlinear regression with MKMODEL software (Biosoft, Cambridge, U.K.) using the cooperative model as previously described (BerrebiBertrand et al., 1990) .
In the assay medium, the Na' concentration varied from 0 to 100 mM. Choline chloride was added so that NaCl J. Neurochem., Vol. 62, No . 4, 1994 A. GERBI ET AL. + choline chloride equaled 100 mM. Enzymatic activity measured at 100 mMNa' and 10 mM K+ was used as reference (100%) with change according to the experiments as a function of ouabain concentration. The figures show the highest Na' concentration that give stable saturation ofthe activity. The concentration of Na+ in the unsupplemented medium was measured by flame spectrophotometry . This was found to be 60 ,mol of Na', corresponding to an error of 15% at the first Na+ concentration (0.4 mM) . The enzymatic reaction was initiated by the addition ofmembranes . NADH oxidation was continuously monitored for up to 20 min. The percentage of activity presented in these experiments was taken as that when the time course ofhydrolysis was linear.
Data analysis
All curves fitted to the experimental data were obtained using the following equation :
where A is activity (%), k is number of reactivities Rj , Rj = 0 if [Na' ] is less than a threshold Tj ; otherwise:
here Aj is the maximum activity, Kaj is the concentration for half-maximum activity, n, is the Hill coefficient, and Tj is the threshold of stimulation.
Estimations of A, Kaj, nj , Tj (j = 1 to k) were obtained using MKMODEL software (Biososoft, Cambridge, U.K.) with a program that we have written (Gerbi et al., 1993a,b) and without weighting because the variance of the means was approximately equal for low and high Na' concentrations. The choice ofthe number ofindependent sites model to fit the data (ouabain titration and Na' dependence) was made according to the Schwarz criterion (Schwarz, 1978) .
Statistical analysis
Differences between the two diets at the two ages were compared using Student's t test.
RESULTS
Effects of fish oil diet on fatty acid composition of phospholipids (Table 3 ) and transition temperature ( Fig. 1 ) in brain membranes of 21-and 60-day-old rats Twenty-one-day-old rat membranes. In the membranes of rats fed sunflower oil + CLO compared with those fed standard diet, fatty acids of the (n-6) series [C20:4(n-6), C22 :4(n-6), C22 :5(n-6), and C20 :2(n-6)] were significantly decreased (16 .14 vs. 17.39). In contrast, the proportion of C22 :6(n-3) was not altered. These modifications result in a significant decrease in the (n-6)/(n-3) molar ratio in the membranes of rats fed sunflower oil + CLO compared with those fed standard diet (1 .10 vs. 1 .19), whereas saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and PUFAs were not altered .
Sixty-day-old rat membranes . In the membranes of TABLE 3. Total phospholipid fatty acid composition ofwhole brain membranes from 21-and 60-day-old rats fed different diets FISH OIL DIET AND FUNCTIONAL ISOENZYMES rats fed sunflower oil + CLO compared with those fed standard diet, fatty acids of the (n-6) series [C20 :4(n-6), C20:2(n-6), and CI8:2(n-6)] were significantly decreased (14.32 vs. 15.40) . In contrast, the proportion of C22:6(n-3) was not altered. These modifications (similar to 21-day-old) result in a significant decrease in the (n-6)/(n-3) molar ratio in the membranes ofrats fed sunflower oil + CLO compared with those fed standard diet (0.91 vs. 1 .00) ; whereas SFAs were significantly decreased, MUFAs and PUFAs were not altered.
With regard to the developmental effect (60-dayold compared with 21-day-old rats), we observed (whatever the diet) a decrease in the total amount of SFA (significant for standard diet; 46 .26 vs. 42 .3) and an increase in the total amount ofMUFA (significant for both diets) . We also observed a slight increase in C22:6(n-3), compensated for by a decrease in fatty acids of the (n-6) series (significant for sunflower oil + CLO compared with standard diet), resulting for both diets in a significant decrease in the (n-6)/(n-3) molar ratio, which confirms results obtained previously (Youyou et al., 1986) . The total amount of PUFA was not altered.
To determine the temperature dependence ofATP-
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Values are mean ± SEM from (n) animals; experiments were done in triplicate . Significance was determined by Student's t test . " and "for diets;°and`for ages correspond to p < 0.05 and 0.01, respectively . ND, not detected .
ase activity in the different membrane environments, we measured ATPase activities at various temperatures and constructed Arrhenius plots from the data (Fig. 1) as described in Materials and Methods.
We, in fact, assayed total ATPase activity to avoid error due to the binding of ouabain at the various temperatures . For this reason, the difference observed in log maximum velocity is not informative of any difference in Na+,K+-ATPase activity.
All Arrhenius plots of ATPase activities gave two straight lines intersecting at the transition temperature. These values are^-22 .9°C and^-22.0°C for 21-day-old rats fed standard and fish oil diets, respectively, 26 .4°C and 27 .3°C for 60-day-old rats fed standard and fish oil diets, respectively . These results indicate that the fish oil diet does not significantly affect the transition temperature at 21 and 60 days old. However, the transition temperature of 60-dayold rats was significantly higher (p < 0.001) than that of 21-day-old rats. Effects of fish oil diet on the dose-response curve of 21-and 60-day-old brain membrane Na+,K+-ATPase activity in response to ouabain (Table 4) Na+,K+-ATPase activity in the membrane preparation of weanling and 60-day-old rats fed either stan-J. Neurochem ., Vol . 62, No. 4, 1994 dard or sunflower + CLO was assayed at various ouabain concentrations to estimate isoenzyme heterogeneity. All dose-response curves (data not shown) spanned at least six orders of magnitude and indicated the presence of more than one class of enzyme. In fact, the data obtained were best fitted by an equation that assumed the existence of three rather than two inhibitory processes according to the Schwarz criterion (Materials and Methods) . These three inhibitory processes correspond to the three isoenzymes expressed early in the brain development, a 1 (low ouabain affinity), a2 (high ouabam affinity), and a3 (very high ouabain affinity).
Effect of fish oil diet on isoenzyme ouabain affinity in 21-day-old brain membranes (Table 4) Compared with rats fed standard diet, the proportion and affinity of a1, a2, and 0 were significantly TABLE 4. Computed affinities for ouabain (ICS,, M) and contribution (%) of the very high (a3), high (a2), and low (a1) affpity Na+,K+-ATPase isoenzymes in whole brain membranes from 21-and 60-day-old rats fèd diffèrent diets J. Neurochem., Vol. 62, No . 4, 1994 A. GERBI ET AL .
affected by the fish oil diet, with a 1, a2, and 0 being three-, eight-, and 60-fold more resistant to ouabain inhibition, respectively . Moreover, al and a2 isoenzymes contributed less in the total Na +,K +-ATPase activity, and 0 contributed more in membrane of rats fed fish oil compared with standard diet. Effect of fish oil diet on isoenzyme ouabain affinity in 60-day-old brain membranes (Table 4) In contrast to 21-day-old membranes, only a2 isoenzyme was twofold more resistant to ouabain inhibition, whereas a 1 and a3 isoenzymes were more sensitive (nine-and twofold, respectively) in membranes of rats fed fish oil diet compared with membranes of rats fed standard diet. The proportions of a 1 and 0 Na+,K +-ATPase activity were increased in rats fed fish oil compared with rats fed the standard diet, whereas the proportion of a2 was less . Developmental effect on isoenzyme ouabain affinity in both diets (Table 4) In rats fed standard diet, the development modified significantly the affinity and proportion of the a 1 isoenzyme. Its affinity was^"200-fold more resistant to ouabain inhibition and its proportion was decreased in the membranes of 60-day-old compared with 21-day-old rats, whereas the a2 isoenzyme was more than twofold resistant to ouabain inhibition and its proportion was greater. The a3 isoenzyme was 34-fold more resistant to ouabain inhibition and its proportion was similar in the membranes of 60-day-old compared with 21-day-old rats .
In rats fed fish oil diet, the changes in proportion of the three isoenzymes at these two ages (21 and 60 days), although less pronounced, were similar to those seen with the standard diet. In contrast, the effect on ouabain affinity differed for the three isoenzymes compared with the effect observed with the standard diet . The a 1 isoenzyme was less than twofold more resistant and a2 and 0 were less than two-and sixfold more sensitive, respectively, to ouabain inhibition in membranes of 60-day-old rats compared with 21-day-old rats .
Data were analyzed by nonlinear regression model (Materials and Methods) . Values are mean ± SEM from (n) animals; experiments were done in triplicate . Significance was determined by analysis of variance . Values in the same column not bearing the same superscript letter are significantly different at p < 0.05 .
Low affinity (a l)
High affinity (a2) Very high affinity (a3)
21 day old Standard (n = 4) 8.4 ± 0.3°10-6 41 .3 +0 .5 1 3.4±0 .4°10-' 25 .0+0 .7 1 2.0 ± 0.4°10 -9 33 .7 ± 0.91 Sunflower + CLO (n = 4) 2.6 ± 0.2b 10 -5 26 .3 ± 0.76 2.5 ± 0.2 b 10-6 19 .5 ± 0.9b 1 .3 ± 0.6b 10-' 54 .2 ± 1.36 60 day old Standard (n = 4) 4.0 ± 0.3`10-°15 .7 ± 1 .1`8 .5±0 .6`10-' 49 .6 +0 .7 1 6.8 ± 0.6`10 -8 34 .6 ± 1.2°S unflower + CLO (n = 4) 4.4 ± 0.3°10 -5 20 .4 ± 0.9`1 .3 ± 0.2°10-6 29 .8 ± 0.81 2.5 ± 0.2°10-8 49 .8+0 .5 b TABLE 5. Computed sodium sensitivity (K., mM) of the very high (a3), high (a2), and low (a1) affinity Na+,K+-ATPase isoenzymes in whole brain membranesfrom 21-and 60-day-old rats fed different diets Effect of fish oil diet on Na' sensitivity of Na+ ,K + -ATPase isoenzymes in brain membranes (Table 5) On the basis of the ouabain dose-response curves, two appropriate ouabain concentrations can be chosen to selectively inhibit a2 + a3 and a3 isoenzyme activity . These ouabain concentrations were chosen to reveal the maximum proportion of isoenzyme and for their ability to distinguish isoenzyme reactivities . All these results are summarized in Table 5. al Na' sensitivity (21-day-old brain membranes) . The difference between Na+ ,K + -ATPase activity in the presence of 3 X 10 -6 or 2 X 10 -5 Mouabain (for rats fed standard and fish oil diets, respectively) and Mgz+-ATPase activity was taken as a 1 activity . At these ouabain concentrations, the a 1 isoenzyme represented 90% of the activity . The Na' dependence ( Fig .  2A) represents the a 1 Na' sensitivity . The best fit of the curves indicated a monophasic response . Sensitivities for rats fed standard diet were similar to those fed fish oil diet [ 1 .06 ± 0.02 (") and 1 .15 ± 0.09 (O) mM Na', respectively] .
al Na' sensitivity (60-day-old brain membranes) . The difference in Na + ,K+ -ATPase activity (a 1 isoenzyme) in the presence of 10-5 M ouabain (for both diets) showed that 90% of the a2 isoenzyme was inhibited . The best fit of the curves (Fig . 213) indicated two reactivities in the rats fed standard and fish oil diets, with significantly different sensitivities between the two diets, i.e ., 0.40 ± 0.02 and 6.1 ± 0 .5 mM (") Na' (comprised 40 and 60% of Na + ,K+ -ATPase activity, respectively) and 1 .4 ± 0.1 and 7 .5 ± 0 .3 mM (O) Na' (comprised 71 .8 and 28 .2% of Na+,K+-ATPase activity, respectively) for rats fed standard and fish oil diets, respectively. a2 Na' sensitivity (21-day-old brain membranes) . The difference between Na+ ,K +-ATPase activity in the presence of 10 -7 or 7 X 10 -7 Mand in the presence of 3 X 10 -6 or 10-5 M ouabain (for standard and fish oil diets, respectively) was taken as a2 activity . The best fit of the curves (Fig . 3A) indicated a monophasic Data were analyzed by nonlinear regression model (Materials and Methods) . Values are mean ± SEM from (n) animals ; experiments were done in triplicate. Significance was determined by analysis of variance . Values in the same column not bearing the same superscript letter are significantly different at p < 0 .05 . ND, not detected . When two components were observed, R, corresponds to the first reactivity and RZ corresponds to the second reactivity. Only one reactivity corresponds to R, . response, with significantly different sensitivities, i.e ., 2.8 ± 0.1 mM (") and 9 .77 ± 0.20 mM (O) Na' for rats fed standard and fish oil diets, respectively . a2 Na' sensitivity (60-day-old brain membranes) . The difference between Na+ ,K +-ATPase activity in the presence of 3 X 10 -7 or 10 -7 M(for standard and fish oil diets, respectively) and in the presence of 10 -5 Mouabain was taken as a2 activity . The best fit of the curves (Fig . 313) indicated two reactivities that differ significantly between the two diets. The sensitivities were for the first reactivity 2.1 ± 0.1 mM (") (46.2%) and 1 .09 ± 0.06 (O) mM Na' (37 .9%), and for the second reactivity, they were 11 .5 ± 0.2 mM (") (53.8%) and 14 .7 ± 0.1 mM (O) Na' (62.1%) for rats fed standard and fish oil diets, respectively . a3 Na' sensitivity (21-day-old brain membranes) . The difference between Na+ ,K +-ATPase activity in the absence of ouabain and in thepresence of 7 X 10-7 or 10 -7 M ouabain (for standard and fish oil diets, respectively) was taken as a3 activity . The best fit of the curves (Fig. 4A) showed that a3 Na' sensitivities were significantly different, i.e ., 43 .8 ± 1 .2 mM (") and 12 .9 ± 0.6 mM (O) Na' for rats fed standard and fish oil diets, respectively . a3 Na' sensitivity (60-day-old brain membranes) . The difference between Na+ ,K +-ATPase activity in the absence and in the presence of 3 X 10 -7 or 10 -7 M ouabain (for standard and fish oil diets, respectively) was taken as a3 activity . The best fit of the curves (Fig .  413) indicated two reactivities that differ significantly between the two diets, i.e ., 7.78 ± 0 .10 mM (") (41 .9%o) and 19 .55 ± 0.20 mM(O) (58 .1%) versus 13 .1 ± 0.2 mM (") (46.9%) and 26 .5 ± 0.5 mM (O) Na' (53.1 %) for rats fed standard and fish oil diets, respectively . 2. Na' sensitivity of the a1 Na+,K +-ATPase isoenzyme of whole brain membranes from 21-and 60-day-old rats fed different diets. Values are mean ± SEM of four animals; experiments were done in triplicate . A: Na+ dependence of the a1 isoenzyme of whole brain membranes from 21-day-old rats was determined using 3 X 10-6 and 2 X 10-5 M ouabain for standard and fish oil diets, respectively . Data were analyzed by the nonlinear regression model (Materials and Methods) . Filled circles correspond to standard diet (Ka = 1 .06 ± 0.02 mM, n = 2 .01 ± 0.04, T = 0) ; unfilled circles correspond to fish oil diet (Ka = 1 .15 ± 0.09 mM, n = 1 .62 ± 0.06, T = 0) . B: Na' dependence of the a1 isoenzyme of whole brain membranes from 60-day-old rats was determined using 10-5 M ouabain for both standard and fish oil diets. Data were analyzed by the nonlinear regression model (Materials and Methods) . Filled circles correspond to standard diet (Ka = 0 .40 ±0 .02mM, n=ND,T=0 ;Ka =6 .10±0.5,n=14.89±0.15, T = 0) ; unfilled circles correspond to fish oil diet (Ka = 1 .40 ± 0.10,n=1 .65 ±0 .12,T=0;Ka =7 .5±0 .30mM, n=4.83± 0.14, T = 6.20 ± 0.20) .
mass (Hsu and Guidotti, 1989) , their spatial distribution (Sweadner, 1989) , and their ouabain affinity (Berrebi-Bertrand et al ., 1990 ; Blanco et al ., 1990) [a 1 having low affinity, a2 high affinity, and 0 very high affinity (Nodl et al ., 1990) ] . Moreover, recently, we have shown that they differ functionally via their Na' sensitivity in a complex manner (Gerbi et al ., 1993a) . Indeed, heterogeneous Na' dependence was demonstrated. To explain this phenomenon, we have hypothesized different heterodimer associations between the subunit isoforms and the membrane envi-J. Neurochem ., Vol. 62, No . 4, 1994 A. GERBI ET AL .
ronment with a degree of membrane environment dependence, already suggested by Brodsky and Guidotti (1990) . Abeywardena and Charnock (1983) have already shown the dependence of ouabain affinity on membrane fatty acid composition. Recently, we have confirmed this dependence and added that of Na' sensitivity (Gerbi et al ., 1993b) in rats fed diets different in (n-6)/(n-3) molar ratio PUFA . To date, though many authors have studied Na+,K +-ATPase FIG. 3. Na + sensitivity of the a2 Na+,K+-ATPase isoenzyme of whole brain membranes from 21-and 60-day-old rats fed different diets. Values are mean ± SEM of four animals; experiments were done in triplicate . A: Na' dependence of the a2 isoenzyme of whole brain membranes from 21-day-old rats was determined by the difference in activity in the presence of 10-7 or 7 X 10 -7 M and in the presence of 3 X 10-6 or 10-5 M ouabain for standard and fish oil diets, respectively . Data were analyzed by the nonlinear regression model (Materials and Methods) . Filled circles correspond to standard diet (Ka = 2.80 ± 0.10 mM, n = 1 .72 ± 0.07, T = 0) ; unfilled circles correspond to fish oil diet (Ka = 9.77 ± 0.20 mM, n = 7.77 ± 0.08, T = 0) . B: Na' dependence of the a2 isoenzyme of whole brain membranes from 60-day-old rats was determined by the difference in activity in the presence of 3 X 10 -7 or 10 -7 M and in the presence of 10 -5 M ouabain for standard and fish oil diets, respectively. The data were analyzed by the nonlinear regression model (Materials and Methods) . Filled circles correspond to standard diet (Ka = 2.10 ± 0.10 mM, n=1 .29±0.10,T=0;K a =11 .50±0.2,n=3 .85 ±0 .13, T= 8.10 ± 0.20) ; unfilled circles correspond to fish oil diet (Ka = 1 .09 ±0 .06,n=1 .49 ±0 .07,T=0 ;K a =14.7 ±0 .30mM,n=3.53 ±0 .15,T=10 .0±0 .3). whole brain membranes from 21-and 60-day-old rats fed different diets. Values are mean ± SEM of four animals; experiments were done in triplicate. A: Na + dependence of the a3 isoenzyme of whole brain membranes from 21-day-old rats was determined by the difference between Na+,K +-ATPase activity in the absence and presence of 10' or 7 X 10' M ouabain for standard and fish oil diets, respectively. Data were analyzed by the nonlinear regression model (Materials and Methods) . Filled circles correspond to standard diet (K. = 43.80 ± 1 .20 mM, n = 3.69 ± 0.12, T = 40 .00 ± 0.7); unfilled circles correspond to fish oil diet (K . = 12 .90 ± 0.60 mM, n = 2.52 ± 0.09, T = 11 .25 ± 0.10) . B: Na + dependence of the a3 isoenzyme of whole brain membranes from 60-day-old rats was determined by the difference between Na', K+-ATPase activity in the absence and presence of 3 X 10' or 10' M ouabain for standard and fish oil diets, respectively. Data were analyzed by the nonlinear regression model (Materials and Methods) . Filled circles correspond to standard diet (K. =7 .78±0.10mM,n=5.24 ±0 .12,T=6.25±0.15 ; K8 =19.55 ± 0.20, n = 4.42 ± 0.15, T = 16 .00 ± 0.10) ; unfilled circles correspond to fish oil diet (Ke = 13 .10 ± 0.20, n = 1 .90 ± 0.07, T = 11 .25 ± 0.11 ; Ke = 26 .50 ± 0.50 mM, n = 3.73 ± 0.07, T = 22 .50 ± 0.17) .
activity (review by Murphy, 1990) and except for our previous study, there have been no studies of dietary effects on Na +,K+-ATPase isoenzymes. Using this more physiologic parameter, we previously investigated the quantitative effect of (n-3) deficiency on membrane structure and isoenzymes (Gerbi et al ., 1993b) . While in this work, using fish oil diet, we studied the qualitative aspect of (n-3) PUFA, on our probe of membrane function, in weanling and adult rats.
Fatty acid composition of phospholipids of brain membranes induced by fish oil diet (Table 3) in 60-day-old rats agrees with previous results of Zérouga et al . (1991) . Changes are due to the concentrations of EPA and DHA used in the diet inhibiting A'-desaturase (Zérouga et al ., 1991) , thus decreasing the total amount of the (n-6) series without or slightly altering incorporation of the (n-3) series . These modifications did not induce any change in the transition temperature whatever the age of rats. However, this parameter differs between 21-and 60-day-old animals, two development states that differ in their fatty acid composition (Youyou et al ., 1986) . The brain membranes of weanling and adult rats fed the different diets both exhibited three different components in response to ouabain. All three isoenzymes have been detected by specific monoclonal antibodies on western blots of Na+,K +-ATPase purified from developing rats (Urayama et al ., 1989) . In addition, with this molecular detection, it is now well established that these three isoenzymes can be detected by their ouabain affinities in adult rats (Berrebi-Bertrand et al ., 1990 ; Blanco et al ., 1990 ; Gerbi et al ., 1993a) . However, in brain of weaned rats, the very high ouabain affinity was not detected by Atterwill et al . (1985) , nor in weaned rats fed soya oil diet (Gerbi et al ., 1993b) . In contrast, a small amount of this very high affinity isoenzyme was detected in weaned rats fed sunflower oil diet (Gerbi et al ., 1993b) . In this study, we detected these three functional isoenzymes in the brain membranes of rats fed the two diets (standard and fish oil diet). The discrepancy between these studies may be due to close affinities between isoenzymes at the limit of mathematical detection or differences in isoenzyme activity, and we cannot rule out an effect of diet on isoenzyme expression and maturation . It is possible that second generation rats fed the different diet have a different expression of the isoenzymes studied, i.e ., one not related to changes of phospholipid fatty acid . Isoenzyme mRNA will be assayed in future investigations as well as in first and second generation animals.
Nevertheless, it appears that diet altered isoenzyme ouabain affinity and proportion, in part via modification of the membrane fatty acid composition. Indeed, protein protrusion on the extracellular side is minor so that the receptor is probably close to the lipid bilayer surface (review by Gerbi et al ., 1993b) . However, it is difficult to understand how subtle changes in membrane structure can induce such extensive modulation . Moreover, diet interfered with the course of ouabain affinity and isoenzyme proportion in relation to development, perhaps due to the low amount of fatty acids of the (n-6) series present in the 60-day-old brain membranes. Although these results are interesting at the fundamental and pharmacological level, modulation of ouabain affinity at the two ages is not indicative of physiologic change induced by diets.
In contrast, Na' sensitivity is a better criterion of physiologic change because it is implicated in the contribution of each isoenzyme to ion transport in the cell . On the basis of ouabain affinity, two ouabain concentrations were chosen to discriminate isoenzymes. For both diets, we detected the specific Na' activation ofeach isoenzyme. In weaned rats, we observed one Na' sensitivity per isoenzyme, whereas in adult rats two Na' sensitivities per isoenzyme were detected . The relevance of this observation is not yet understood and must be investigated further for other developmental states .
As we have reported in a previous study (Gerbi et al., 19936) , a 1 Na' is still unaffected by membrane fatty acid alterations in weaned rats. In adult rats, this same isoenzyme presents a minor change in Na' sensitivity . It was the smallest change induced by fish oil diet at these two ages. In contrast, the a2 and a3 isoenzymes, whatever the age, were the most functionally modulated.
If the difference in amino acid sequence can explain the difference in Na' sensitivity between isoenzymes, the microenvironment surrounding isoenzymes is also an important factor . For instance, it can act as a pressor effect on isoenzyme comformation . An argument to support this observation is the threshold of stimulation, which we think is relevant to a lipid blockade of the Na' binding site that differs between isoenzymes and is shifted by modification of membrane fatty acid composition.
It is interesting that whatever the modulating agent studied, the a2 and a3 isoenzymes are always the most sensitive to modulation . Tanagushi and Iida (1973) and Matsuda and Iwata (1986) have also observed the different and more pronounced dependence on lipid environment of high ouabain affinity isoenzymes (a2 and/or a3).
The a 1 isoenzyme has been postulated to be a housekeeper of ionic homeostasis in the cell (Lytton, 1985) . For this reason, perhaps, it adapts at any environmental change to maintain cellular integrity.
Fish oil diet is well known to confer cardioprotection at pharmacological concentrations higher than those we used. It also induces modulation of brain Na',K+-ATPase isoenzymes at the low amount used in this study. Salem et al. (1988) reported that EPAand DHA-enriched phospholipids may actually be concentrated in the microenvironment ofmembranebound proteins, which could explain why a small enrichment in fish oil can have such a pronounced effect.
Although the physiological role of brain isoenzymes has not yet been established, Na',K+-ATPase is implicated in numerous functions that maintain brain integrity. In our previous study (Gerbi et al., 19936) , we hypothesized that alteration in J. Neurochem., Vol. 62, No. 4, 1994 A . GERBI ET AL. Na',K+-ATPase Na' sensitivity may contribute to several types of behavior modification .
The question of interest for the future is what are the repercussions ofaltered Na' sensitivity on cellular physiology and brain behavior, and whether such results applied to the heart can help explain cardioprotection.
